Abstract. In the present study, a phospholipid-based complex of standardized Centella extract (SCE) was developed with a goal of improving the bioavailability of its phytoconstituents. The SCE-phospholipid complex was prepared by solvent evaporation method and characterized for its physicochemical and functional properties. Fourier transform infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), photomicroscopy, and powder x-ray diffraction (PXRD) were used to confirm the formation of Centella naturosome (CN). The prepared complex was functionally evaluated by apparent solubility, in vitro drug release, ex vivo permeation, and in vivo efficacy studies. The prepared CN exhibited a significantly higher (12-fold) aqueous solubility (98.0±1.4 μg/mL), compared to the pure SCE (8.12±0.44 μg/mL), or the physical mixture of SCE and the phospholipid (13.6±0.4 μg/mL). The in vitro dissolution studies revealed a significantly higher efficiency of CN in releasing the SCE (99.2±4.7, % w/w) in comparison to the pure SCE (39.2±2.3, % w/w), or the physical mixture (42.8±2.09, % w/w). The ex vivo permeation studies with the everted intestine method showed that the prepared CN significantly improved the permeation of SCE (82.8±3.7, % w/w), compared to the pure SCE (26.8±2.4, % w/w), or the physical mixture (33.0±2.7, % w/w). The in vivo efficacy studies using the Morris Water Maze test indicated a significant improvement of the spatial learning and memory in aged mice treated with CN. Thus, drug-phospholipid complexation appears to be a promising strategy to improve the aqueous solubility and bioavailability of bioactive phytoconstituents.
INTRODUCTION
The use of natural products in the management of several diseases/disorders have gained popularity in recent years. However, their use as pharmaceutical drug products is limited due to the poor oral bioavailability of bioactive phytoconstituents. The poor bioavailability of these pharmacologically active components is mainly attributed to the high molecular weight/size, poor aqueous/lipid solubility, and lower plasma membrane permeability, thereby limiting their use for the effective treatment of various diseases and disorders (1, 2) .
Improving the bioavailability of these bioactive compounds via improving the solubility and the permeability remains a major bottleneck in the development of pharmaceutical drug products from these entities. Among the several approaches explored in recent years for the improvement of bioavailability of drugs, drug-phospholipid complexes appear to be among the promising ones. Incorporating bioactive phytoconstituents into phospholipid molecules is reported to improve the aqueous solubility, the membrane permeability, and hence the systemic absorption and bioavailability of the active phytoconstituents. Such complexes are appropriately called phytosomes, herbosomes, or naturosomes (3, 4) . Studies have reported success in improving the pharmacological profiles of several bioactive phytoconstituents using drugphospholipid complexation technique (5-9).
Alzheimer's disease (AD) is an irreversible, neurodegenerative disorder resulting in a progressive decline of cognitive and functional abilities, with impairment of memory and thinking skills (10) . Alzheimer's association projects the incidence of AD to 1 million people annually and estimates the total prevalence of the disorder to 11-16 million people, by the year 2050 (11) . Current AD interventions include symptomatic treatment with cholinesterase inhibitors (ChEIs) such as donepezil, and N-methyl-D-aspartase receptor Suprit D. Saoji and Nishikant A. Raut contributed equally to this work.
Electronic supplementary material The online version of this article (doi:10.1208/s12248-015-9837-2) contains supplementary material, which is available to authorized users.
antagonists such as memantine (12) . However, the progression of the disease, and the associated neuronal degeneration continues, in addition to the adverse effects of this treatment (13) . In 2004, the US FDA-approved galantamine, a phytoconstituent obtained from Galanthus nivalis, for the treatment of AD with the reported mechanism being the inhibition of acetyl cholinesterase (14) . Recently, some herbal extracts such as those of Ginkgo biloba, and other phytochemicals such as evodiamine have also been explored for their anti-AD properties in animals and humans (15) (16) (17) (18) (19) .
Centella asiatica Linn. (Apiaceae), a perennial creeper found throughout most tropical and subtropical countries, is reported to be useful for anxiety, memory enhancement, and neuroprotection (20) . The major chemical constituents reported to be responsible for its pharmacological activity are triterpenes based on steroidal moieties, such as asiaticoside, asiatic acid, madecassoside, and madecassic acid (21) . Several pharmaceutical products containing C. asiatica are commercially available and are recommended for enhancing memory in patients with memory deficit (22) . The usefulness of any pharmaceutical product depends on the safety, efficacy, and the quality of that product. A quality by design (QbD) approach is now considered to be an ideal pathway to ensure the development of a quality product, and the minimization of product variabilities. QbD is broadly defined as a scientific, risk-based, holistic, and a proactive approach to pharmaceutical development that begins with predefined objectives, and emphasizes the understanding and control of the product and processes based on sound science, and quality risk management (23) . Despite the commercial availability of several pharmaceutical products containing extracts of C. asiatica, the issue of the low aqueous solubility of the extract remains practically unaddressed.
Thus, the primary goal of the current study was to evaluate the feasibility of enhancing the aqueous solubility of standardized Centella extract (SCE) by preparing its vesicular complex with hydrogenated soy phosphatidylcholine (Phospholipon® 90H). This complex is hereby referred to as Centella naturosome (CN). To address this objective, CN was prepared using a solvent evaporation method. The formulation and the process variables for the preparation of the CN were optimized using a QbD approach. Response surface analysis by the means of central composite design was employed for the optimization of the critical process parameters (CPP) on the SCE entrapment rate of CN. The prepared CN were evaluated for their physicochemical, functional, and preliminary pharmacological properties.
MATERIALS AND METHODS

Materials
The standardized Centella extract (SCE), containing ∼30% triterpenes was obtained from Natural Remedies Ltd., Bangalore, India. The identity of the SCE was confirmed by high performance-liquid chromatography (HPLC) analysis. Hydrogenated soy phosphatidylcholine (Phospholipon® 90H) was generously gifted by Lipoid, Ludwigshafen, Germany. All other chemicals and reagents used were of analytical grade.
Analysis of the Triterpenes Present in SCE
The concentrations of the triterpenes present in SCE, i.e., asiaticoside, asiatic acid, madecassoside, and madecassic acid, were determined using a modified, reverse-phase (RP)-HPLC method previously described by Hashim et al. (21) . Briefly, the HPLC system (Model: Prominence, Shimadzu Corporation, Kyoto, Japan) with LC solution software, equipped with a LC-20AD HPLC pump, a manual rheodyne sample injector, and an SPD-M20A detector were used. The mobile phase was composed of acetonitrile and water (25:75, v/v) , at a flow rate of 1.5 mL/min. A Micra-NPS RP18 column (33×8.0×4.6 mm, 1.5 μm) was used as a stationary phase and the detector wavelength was 210 nm at room temperature. Throughout the study, the suitability of the chromatographic system was monitored by calculating the trailing/asymmetry factor, theoretical plates and the relative standard deviation (RSD). The calibration curves for individual triterpenes were constructed by analyzing eight concentrations of the standard solution for each triterpene and plotting peak areas versus concentration. The method was validated by analyzing the different validation characteristics such as linearity, accuracy, and precision.
Preparation of CN
The CN were prepared by slightly modifying the solvent evaporation method described by Bhattacharyya et al. (24) . Briefly, different ratios, i.e., 0.5:1, 1.01:1, 1.75:1, 2.49:1, or 3:1, of Phospholipon® 90H and SCE were placed in a 100 mL round bottom flask, and 40 mL of ethanol was added to the mixture. The reaction was controlled and maintained at various temperatures, i.e., 40°C, 44°C, 50°C, 56°C, or 60°C using a water bath. The reaction was carried out for different durations, i.e., 1, 1.4, 2, 2.6, or 3 h. The resulting clear solution was evaporated to 2-3 mL, and an excess of n-hexane was added to it with continuous stirring. The dispersion formed was then precipitated, filtered, and dried under vacuum to remove any traces of solvents. The resulting CN were stored at room temperature, in amber colored glass vials, flushed with nitrogen, for further testing.
QbD-Based Design of Experiments
A QbD-based approach using a central composite design to obtain a response surface design was employed to systematically study the combined influence of the formulation and process variables such as the phospholipid-to-drug ratio (X 1 , w/w), the reaction temperature (X 2 ,°C), and the reaction time (X 3 , h) on the critical quality attributes (CQAs) of the product i.e., the entrapment efficiency. Using this design, the influence of three factors was evaluated, and the experimental trials were carried out at all 20 possible combinations (25, 26) . A statistical model incorporating interactive and polynomial terms was used to evaluate the response employing the following Eq. (1):
where Y is the dependent variable, b 0 is the arithmetic mean response of the 20 runs, and b i is the estimated coefficient for the factor X i . The main effects (X 1 , X 2 , and X 3 ) represented the average result of changing one factor at a time from its low to high value. The interaction terms (X 1 X 2 , X 2 X 3 , X 1 X 3 ) showed how the response changes when all three factors were simultaneously changed. The polynomial terms (X 1 2 , X 2 2 , and X 3 2 ) were included to investigate on linearity. The level values of the three factors, the real values of the central composite design batches, and the resulting entrapment efficiencies are shown in Tables I and II .
Entrapment Efficiency of CN
The entrapment efficiency, i.e., the SCE (total triterpenes content) entrapped in the naturosome was determined using a combination of methods described in the literature (27, 28) . Briefly, accurately weighed (100 mg) CN powder was dispersed in 10 mL chloroform. The CN and Phospholipon® 90H both were easily dissolved in the chloroform. The SCE was not entrapped in the CN was collected as a sediment and assayed by HPLC. The entrapment efficiency of the prepared CN was calculated using the following Eq. (2):
where C t is the total concentration of SCE, and C f is the SCE contained in the filtrate.
Determination of SCE Content in CN
The SCE content in the CN was determined by HPLC method described above. The drug content was calculated using Eq. (3) below, previously described by Bhattacharya et al. (29) .
Physico-Chemical Characterization of CN
Photomicroscopy
For the microscopic characterization of the prepared naturosomes, a suspension containing approximately 100 mg of the naturosome powder was transferred to a glass tube and diluted with 10-mL phosphate buffer saline (PBS, pH 7.4). The suspended vesicles were then mounted on a clear glass slide and photomicrographs were captured with a microscope (Model: DM 2500, Leica Microsystems, Germany) under ×20 magnification.
Scanning Electron Microscopy
The CN powder obtained from the optimized formulation batches was sprinkled on a double-sided carbon tape, and the tape was placed on a brass stub. The surface powder was coated with a thin layer of palladium using the auto fine coater (Model: JFC1600, Jeol Ltd., Tokya, Japan). The palladium coated samples were observed using a scanning electron microscope (Model: JSM-6390LV, Jeol Ltd, Tokyo, Japan) equipped with a digital camera, at 10-KV accelerating voltage.
Particle Size and Zeta Potential Analysis
The particle size analysis of the prepared CN was carried out using photon correlation spectroscopy (PCS), with dynamic light scattering on a Zetasizer ® nano (Model: Zen 3600, Malvern Instruments, Malvern, UK) equipped with a 5 mW He-Ne laser with a wavelength output of 633 nm. The measurements were carried out at 25°C, at an angle of 90°a nd a run time of at least 40-80 s. Water was used as a dispersant. The zeta potential was measured by Smoluchowski's equation from the electrophoretic mobility of naturosomes (30) . All measurements were performed in triplicate.
Fourier Transform Infrared Spectroscopy
The infrared spectra of neat SCE, Phospholipon® 90H, the physical mixture of SCE with Phospholipon® 90H (PM), and the prepared CN were obtained from an FTIR spectrophotometer (Model: IR Prestige-21, Shimadzu, Japan) equipped with an attenuated total reflectance (ATR) Independent Real values Phospholipid/drug ratio (X 1 , w/w) 0. accessory. The analysis of the samples was carried out using diffuse reflectance spectroscopy using KBr compacts. The influence of the residual moisture was theoretically removed by subjecting the samples to vacuum drying before obtaining any spectra. Each sample analysis included 45 scans, at a resolution of 4 cm −1 in the wavelength range 4000 to 600 cm −1 .
Differential Scanning Calorimetry
The thermal analysis of the samples (SCE, Phospholipon® 90H, PM, and CN) was carried out using a differential scanning calorimeter (Model: Q20, TA Instruments, Inc., New Castle, DE, USA). The analysis was performed under a purge of dry nitrogen gas (50 mL/min). High-purity indium was used to calibrate the heat flow and the heat capacity of the instrument. The samples (∼5 mg) were held in open-standard aluminum pans. Each sample was subjected to a single heating cycle from 0°C to 400°C at a heating rate of 10°C/min. The peak transition onset temperatures of samples were analyzed using the Universal Analysis software version 4.5A, build 4.5.0.5 (TA Instruments, Inc., New Castle, DE, USA) (31).
Powder X-Ray Diffraction
The polymorphic state of the samples (SCE, Phospholipon® 90H, PM, and CN) was evaluated using a powder x-ray diffractometer (Model: D2 Phaser, Bruker AXS, Inc., Madison, WI, USA), equipped with a BraggBrentano geometry (θ/2θ) optical setup. The samples were scanned with the diffraction angle increasing from 2°to 90°, 2θ angle, with a step-angle of 0.2°2θ and a count time of 0.5 s.
Functional Evaluation of CN
Apparent Solubility Analysis
The apparent solubility of the samples was determined by a method previously described by Singh et al. (32) . Briefly, an excess of SCE and CN were added to 10 mL of water or nOctanol in sealed glass containers at room temperature (25°C). The liquid was agitated for 24 h, followed by centrifugation for 30 min at 4000 RPM. The supernatant was filtered through a membrane filter (0.45 μ). One milliliter of this filtrate was mixed with mobile phase to prepare appropriate dilutions, and the samples were analyzed at 210 nm using the RP-HPLC method described earlier.
In Vitro Drug Release (Dissolution)
The in vitro dissolution study was carried out using the method described previously by Zhang et al. (33) . Accurately weighed samples equivalent to 50 mg of SCE were added to the surface of the stirred dissolution medium (900 mL phosphate buffer, pH 6.8) at the beginning of the study in a USP type II dissolution apparatus (Model: TDT-06T, Electrolab India Pvt. Ltd., India). The dissolution was carried out at 100 rpm and 37°C. Samples (10 mL) from the dissolution medium were withdrawn at regular time intervals and replaced with an equal volume of fresh medium to maintain sink conditions. The samples were filtered through a membrane filter (0.45 μ), diluted suitably with mobile phase to prepare dilutions, and analyzed using the RP-HPLC method described earlier.
Dissolution Efficiency
The dissolution efficiency (DE) of the SCE, PM, and CN in the phosphate buffer saline was evaluated at 12 h. The dissolution efficiency was calculated using Eq. (4), previously described by Anderson et al. (34) .
where y is the percentage of dissolved drug. DE is the area under the dissolution curve between time points t 1 and t 2 expressed as a percentage of the curve at maximum dissolution, y 100 , over the same time period. The integral of the numerator, i.e., the area under the curve was calculated by a model independent trapezoidal method as defined by the Eq. (5).
Where t i is the ith time point and y i is the percentage of dissolved drug at time t i .
Ex Vivo Permeability
Perfusion Apparatus. The apparatus used in this study was previously described by Dixit et al. (35) which consisted of two glass tubes held together by a glass joint on the upper end with open tapering ends facing towards each other. A provision for mounting the tissue is facilitated in the form of a bulge at the ends of both tubes. The dimensions of the apparatus (18 cm×4 cm×2 cm) are such that it can be conveniently set up in a 250-mL glass measuring cylinder. After mounting the everted intestinal segment on the apparatus, the whole assembly is kept in a glass measuring cylinder; the inside of the glass tubes serve as the receiver compartment and the outside serves as the donor compartment.
Isolation and Eversion of the Intestine. Ethical clearance for the handling of experimental animals was obtained from the institutional animal ethics committee (IAEC) formed for this purpose. The Sprague-Dawley ® rats (200-250 g) were fasted overnight. The rat was euthanized humanely by cervical dislocation, midline incision was given to open the abdomen, and the intestine was carefully maneuvered to identify the ileocecal junction. About 7-cm long intestine (jejunum) was removed from the mesenteric attachments carefully without damaging the intestine. The isolated piece of intestine was thoroughly washed with Kreb's solution, everted using glass rod, and transferred to a petri dish containing Kreb's solution. A 6 cm everted segment was used for permeability experiments.
Permeability Determination. The everted piece of intestine was mounted between the two tapered ends of the perfusion apparatus. The perfusion apparatus was filled with Kreb's solution and immersed in the measuring cylinder (250 mL) containing SCE, PM, or CN (100 μg/mL) in 250 mL Kreb's solution. The whole assembly was placed on a constant temperature (37°C) magnetic stirrer and the content stirred at 25 RPM. Additionally, the Kreb's solution was constantly aerated with carbogen (oxygen/carbon dioxide (95:5) mixture). The samples were collected at 15 min interval up to 3 h and analyzed by HPLC for estimation of permeability.
Preliminary Pharmacological Evaluation (In Vivo Efficacy)
Animals. Young (3-4 months) and aged (22-24 months), male Swiss albino mice were group housed under constant room temperature (25°C±2°C), relative humidity (50%-70% RH), and maintained on a 12-h:12-h light/dark cycle. Food and water were given ad libitum except for during the experiment. All procedures and protocols employed in the study were approved and carried out under strict compliance with the Institutional Animal Ethics Committee, Department of Pharmaceutical Sciences, R. T. M. Nagpur University, Nagpur, MS, India.
Morris Water Maze Test (MWM).
The MWM test was performed to compare the pharmacological efficacy of the prepared CN with that of SCE in spatial learning and memory in mice. MWM test is among the most widely used behavioral models employed for screening of antiAlzheimer's activity in the rodents. The standard protocol previously described by Vorhees et al. was employed with some modifications (36) . Briefly, the animals were acclimatized to the laboratory conditions for a week before performing the actual experiments. MWM consists of a large circular pool measuring 90 cm in diameter and 40 cm in height. The maze was filled with water (25°C) to a height of 30 cm, and rendered opaque using milk. The pool was arbitrarily divided into four compass quadrants, and a white escape platform (10 cm in diameter) was submerged in one of the quadrants, 1 cm below the water surface. The location of platform remained fixed for all 4 days of training sessions.
The animals were divided into seven groups with six animals in each group (n=6), i.e., group 1 = young mice (vehicle), group 2 = aged mice (vehicle), group 3 = Phospholipon® 90H (900 mg/kg), group 4 = piracetam (200 mg/kg), group 5 = SCE (300 mg/kg), group 6 = PM (equivalent to 300 mg/kg SCE), and group 7 = CN (equivalent to 300 mg/kg SCE). The doses used in the present study were reported effective in the animals (37, 38) . All animals received their respective treatments orally, each day, 1 h before the experiment. Each mouse was given four training sessions per day, at an interval of 10 min between the training sessions, for 4 consecutive days. The starting locations for the animals varied quasi-randomly, and the cutoff time was fixed at 120 s. The length of time taken by the animal to locate the platform was measured as escape latency. If the animal failed to escape within 120 s, it was manually placed on the platform for 30 s, and the escape latency was recorded as 120 s. A single 120 s probe trial was also conducted on the fifth day (24 h after the last acquisition trial), to measure the time spent in the target quadrant, as a measure of memory retention.
RESULTS AND DISCUSSION
Preparation of CN
The initial investigation of the influence of factors revealed that all the studied factors, i.e., the phospholipidto-drug ratio, the reaction temperature, and the reaction time had a significant influence on the entrapment efficiency of the prepared naturosomes. The results of the entrapment efficiency (%) are shown in Table II . The measured values from the experimental trials revealed a wide range (58.1-95.1, % w/w) entrapment efficiencies (Table II) . The fitted polynomial equations relating the response (entrapment efficiency, % w/w) to the transformed factors are shown in Fig. 1 . The polynomial equations could be used to draw conclusions after considering the magnitude of the coefficient, and its associated mathematical sign, i.e., positive or negative. The results from ) was found to be 0.9369, indicating a good fit to the quadratic model. The multiple regression analysis (Fig. 1) revealed that the coefficients b 1 , b 2 , and b 3 were positive. This indicated that the entrapment efficiency increased with increasing X 1 , X 2 , and X 3 . The data further indicated that the quadratic model is statistically significant (F critical value=16.5; p<0.001) (Suppl. Table 1 ).
Based on the central composite design, the response surface and contour plots depicting the changes in the entrapment efficiency (%) as a function of X 1 , X 2 , and X 3 were created (Suppl. Fig. 1) . The data from all 20 batches of the central composite design were used for generating interpolated values using Design Expert 9, version 9.0.4.1 (Stat-Ease, Inc., Minneapolis, MN). The response surface and contour plots indicated a strong influence of the studied factors X 1 , X 2 , and X 3 on the entrapment efficiency. Increasing levels of X 1 , X 2 , and X 3 were found to be favorable conditions for obtaining higher entrapment efficiency. Based on these observations, along with the multiple regression model, the optimal values of the studied factors, i.e., the phospholipid-to-drug ratio, the reaction temperature, and the reaction time were 3:1, 60°C, and 3 h, respectively.
Validation of the Model
In order to validate the developed model, an additional batch of CN was prepared. This validation batch was prepared using the optimal settings of the formulation and process variables from the model, i.e., X 1 , X 2 , and X 3 values of 3:1, 60°C, and 3 h, respectively. The predicted entrapment efficiency of the CN obtained from model, as well as the actual entrapment efficiency achieved from the prepared formulation were compared (Suppl. Table 2 ). The average entrapment efficiency of SCE in naturosomes prepared under the optimized conditions was found to be 93.9%±1.3%. These values compared well with the model-predicted value, i.e., 95.0%, indicating the practicability and the validity of the developed model. The bias (%), calculated using Eq. (6) was also found to be less than 3% (1.2%), indicating the relative robustness of the model (39).
Bias % ð Þ ¼ predicted value−observed value predicted value Â 100 ð6Þ
Physico-Chemical Characterization of the Prepared CN
Photomicroscopy and Scanning Electron Microscopy
The results from the initial morphological characterization of SCE and the prepared CN showed that the SCE appeared to be irregularly shaped, polydispersive agglomerates made up of small, crystalline particles (Suppl. Fig. 2a) . Whereas, the prepared CN appeared to have a dramatically different morphology (Suppl. Fig. 2b ). These particles were much larger entities, with a relatively rough surface; and appeared to consist of multiple layers, with possibly entrapping the SCE crystals (shown by the red pointer).
The prepared CN were further analyzed by scanning electron microscopy (SEM) for their surface morphology [Suppl. Fig. 3a-c] . The electron micrographs at different magnifications i.e., ×1000 (Suppl. Fig. 3a) , ×3000 (Suppl. Fig. 3b ), and ×6000 (Suppl. Fig. 3c ) revealed the formation of multi-layered vesicles of hydrogenated soy phosphatidylcholine. The initial morphological characterization indicated the successful formulation of phospholipid-based vesicular complex (naturosome) of SCE.
Particle Size and Zeta Potential Analysis
The mean particle size and the zeta potential values of the prepared CN were carried out using dynamic light scattering technique [Suppl. Fig. 4a , b]. The mean particle size of CN was found to be 450.1±20.0 nm. The surface area/ volume (SA/V) ratio of most particles is inversely proportional to the particle size. Thus, smaller particles of the CN, having a higher SA/V, makes it easier for the entrapped drug to be released from the naturosome via diffusion and surface erosion. They also have the added advantage for the drugentrapped naturosomes to penetrate into, and permeate through the physiological drug barriers. LeFevre et al. and Savic et al. have previously suggested that larger particles (≤5 mm) are taken up via the lymphatics, while the smaller particles (≤500 nm) can cross the epithelial cell membrane via endocytosis (40, 41) . Zeta potential is another important index commonly used to assess the stability of the naturosomes. The zeta potential of the prepared CN was found to be −35.0±1.9 mV. These results are in agreement with previous reports, which mentions that the zeta potential values of greater than −30 mV are considered acceptable, and are indicative of a good physical stability (42, 43) .
Fourier Transform Infrared Spectroscopy
The results from the Fourier transform infrared spectroscopy (FTIR) analyses of the SCE, Phospholipon® 90H, the physical mixture of SCE with Phospholipon® 90H (PM), and the prepared CN are shown in Fig. 2a-d, respectively) . The FTIR spectrum of SCE (Fig. 2a) exhibited a broad peak at 3365 cm −1 , representing the aliphatic alcoholic (−OH) group substituted on the cyclic ringed structure. The C-H stretching signal at 2926 cm −1 relates to the characteristic feature of the triterpene ring structure. The triterpene also exhibited a C=O stretching around 1710 cm −1 , along with a C=C stretching signal at 1662 cm −1 as an associated peak possibly representing the alkene nature of neighboring ring attachments. The FTIR . Prominent peaks observed at 1164 and 1088 cm −1 typically relates to the presence of acidic functional groups (−COOH) on the molecule.
The FTIR spectrum of Phospholipon® 90H (Fig. 2b ) revealed the characteristic C-H stretching signal present in the long fatty acid chain at 2918 and 2850 cm 3 stretching at 970 cm −1 were also observed in the spectrum. In the FTIR spectrum of the prepared CN (Fig. 2d) , the SCE peaks at 1602 and 1662 cm −1 were found to have disappeared, with an emergence of a peak at 1635 cm −1 indicating a possibility of conjugation of the two compounds, leading to the formation of a naturosome. The disappearance of peak at 1563 cm −1 (exhibiting the aromatic ring stretching) may be due to the weakening, or removal, or shielding by the phospholipid molecule, which may further support the formation of naturosome. This phenomenon may be explained as occurring due to the entrapment/packing of the SCE in the hydrophobic cavity of the formed phospholipid vesicle, and being held by van der Waals forces, and other hydrophobic interactions (44) . The presence of the peaks at 1468, 1418, and 1378 cm −1 exhibits the C-H bending and rocking. These peaks were found in both Phospholipon® 90H, as well as in the physical mixture; and remained consistent in the complex with a negligible shift from original scale, indicating their lack of involvement in the formation of the naturosome.
Differential Scanning Calorimetry
The interactions between multiple components of a formulation is commonly analyzed by differential scanning calorimetry (DSC). Such interactions are typically observed as the elimination of endothermic peaks, appearance of new peaks, changes in peak shape and its onset, peak temperature/melting point and relative peak area, or enthalpy (45) . Figure 3 shows the DSC thermograms of (a) pure SCE, (b) Phospholipon® 90H, (c) PM, and (d) CN. The pure SCE (a) revealed a broad endothermic peak around 94.4°C. Phospholipon® 90H showed two sharp endothermic peaks at 125.2°C and 182.5°C, respectively (b). The first peak (at 125.2°C) is likely due to the melting of phospholipid. The second peak (at 182.5°C) appears to be due to the phase-transition from gel to a liquid-crystalline state, and the carbon-chain in the phospholipid may have perhaps undergone other isomeric or crystal changes (46) . In the physical mixture (PM) of the SCE and Phospholipon® 90H (Fig. 3c) , the two peaks are observed at 100.9°C and at 123.6°C. It may be assumed that with the rise in temperature, the Phospholipon® 90H melts, and the SCE gets dissolved in it, partly forming the naturosome. The thermogram of the CN exhibits two partially fused, broad endothermic peaks at 68.8°C and 85.9°C, respectively (Fig. 3d) . These peaks differed from the peak of SCE and Phospholipon® 90H. A reduction in the melting point and enthalpy may account for the increased solubility, and reduced crystallinity of the drugs (47) . It was thus evident that the original peaks of SCE and Phospholipon® 90H disappeared from the thermogram of the CN, and the phase transition temperature was lower than that of Phospholipon® 90H, thus confirming the formation of the drug-phospholipid complex. These findings are in agreement with those reported in the literature, and the interaction between the SCE and Phospholipon® 90H can be attributed to a combination of forces such as hydrogen bonding and van der Waals interactions, and can be considered as an indication of drug amorphization and/or complex formation, as supported by IR spectroscopy (48, 49) . The interaction of the SCE with the polar region of Phospholipon® 90H may have been followed by the entrapment of SCE with the long-chain hydrocarbon tail of (Fig. 4a ) revealed sharp crystalline peaks at 2θ=46.0°, 41.0°, 32.0°, and 28.0°. A single diffraction peak was observed at 2θ=21.0°for Phospholipon® 90H (Fig. 4b) . The physical mixture (PM) showed most of the peaks associated with the SCE and Phospholipon® 90H (Fig. 4c) . In comparison to the physical mixture, the diffractogram of the CN revealed the disappearance of most of the crystalline peaks associated with the SCE (Fig. 4d) . These results were in agreement with the previously reported studies, where the disappearance of the active pharmaceutical ingredient (API) peaks was associated with the formation of API- Fig. 4 . PXRD spectra of a SCE, b Phospholipon® 90H, c physical mixture, and d CN Fig. 3 . DSC thermograms of a SCE, b Phospholipon® 90H, c physical mixture, and d CN phospholipid complexes (44, 48) . The disappearance of the SCE crystalline peaks thus confirmed the formation of SCEphospholipid complex. It may then also be concluded that the SCE in the Phospholipon® 90H matrix may be present either as a molecularly dispersed or an amorphous state (50) .
Functional Evaluation of CN
Apparent Solubility
The results of the measured apparent solubilities of the pure SCE, the physical mixture of SCE, and Phospholipon® 90H (PM), and the prepared SCE-Phospholipon® 90H complex (CN) are shown in Table III . It was observed that the pure SCE had poor aqueous solubility (∼8 μg/mL), and a relatively higher solubility in n-Octanol (∼325 μg/mL), indicating a rather lipophilic nature of the drug. The physical mixture (PM) revealed a non-significant change in the n-Octanol solubility, and a modest increase (∼1.5 times) in the aqueous solubility. The prepared SCE-Phospholipon® 90H complex (CN), however, showed a dramatic, and a significant (over 12-fold) increase in the aqueous solubility. This increase in the solubility of the prepared complex may be explained by the partial amorphization (reduced molecular crystallinity) of the drug, and the overall amphiphilic nature of the naturosome (32, 51) .
In Vitro Drug Release (Dissolution)
The results of in vitro drug release studies are shown in the Fig. 5 . The 12-h dissolution in the phosphate buffer (pH 6.8) revealed that, the pure SCE showed the slowest rate of dissolution, i.e., at the end of the dissolution period only about 39% w/w of SCE was dissolved. The dissolution rate of the physical mixture was found not to be significantly different (∼42% w/w dissolved in 12 h) compared to the pure SCE. The prepared CN, however, revealed a significantly faster release of SCE at the end of dissolution period. The dissolution profile of the CN followed a near zero-order release, and at the end of 12 h, over 99% w/w SCE was observed to be released from the CN. The dissolution rate is largely influenced by the crystal morphology and the wettability of the solids, and the improved dissolution rate of SCE from the CN may be explained by the improved solubility, and the partially disrupted crystalline phase (amorphous form) in the prepared naturosome (5, 50) . The relatively higher amorphous state of the naturosome, and their increased water-solubility may have had a positive impact on the cumulative release of the drug.
DE
The dissolution efficiencies of the pure SCE, the physical mixture of SCE and Phospholipon® 90H (PM), and the prepared SCE-Phospholipon® 90H complex (CN) calculated from the in vitro release studies in phosphate buffer (pH 6.8) were calculated using Eq. 4 (Suppl. Table 3 ). The prepared CN showed a significantly (p<0.001) improved dissolution efficiency compared to the pure SCE. Almost 2.4-fold increase in the DE was observed for CN in PBS at the end of 12 h, compared to the pure SCE. This significant increase can be attributed to the enhancement of SCE solubility in the prepared naturosome. A marginal, but a statistically significant (p<0.01) increase in dissolution efficiency of SCE in physical mixture compared to the pure SCE was also observed. The solubilizing ability of the phospholipids, owing to their amphiphilic nature is likely the reason for this observed increase in the release of SCE.
Ex Vivo Permeability
The results of the ex vivo permeability study as carried out with the everted intestine method on the pure SCE, the physical mixture of SCE and Phospholipon® 90H (PM), and the prepared SCE-Phospholipon® 90H complex (CN) are shown in Fig. 6 . The permeability of the tested samples appeared to follow the trends observed in the in vitro release . Ex vivo permeability study of SCE, PM, and CN study. It was observed that, at the end of 3-h study duration, only about 26% w/w of the pure SCE permeated through the everted intestine. The physical mixture (PM) showed a marginal, but a non-significant improvement in the permeation of SCE. The prepared CN, however, demonstrated a significantly improved permeation of SCE across the everted intestine. At the end of 3-h testing period, over 80% w/w of SCE was found to permeate across the biological membrane. The phospholipids being amphiphilic in nature, may behave as surfactants and contribute towards the increased permeability of the drug across the membrane. Due to the observed improved solubility, increased dissolution rate, and observed increased permeability of the SCE in the prepared CN, this approach of the drug-phospholipid complexation lends itself to be a promising formulation strategy for the enhanced delivery of SCE to the physiology.
Preliminary Pharmacological Evaluation (In Vivo Efficacy)
The results of the preliminary pharmacological evaluation (in vivo efficacy) of the prepared SCE-phospholipid complex (CN) are shown in Fig. 7 . A group of young mice (n=6) was treated with the vehicle (saline). The aged mice (n=6/group) were administered with vehicle (saline), Phospholipon® 90H (900 mg/kg), piracetam (200 mg/kg), SCE (300 mg/kg), PM (300 mg/kg) or CN (300 mg/kg SCE equivalent) via oral route as shown in Fig. 7a . It was observed that the escape latency, i.e., the time taken by the animal to locate the platform, in the young mice treated with vehicle progressively and significantly decreased during the 4-day training period (Fig. 7a ). This indicated a quicker learning and adaptation to the surroundings by these animals. (Fig. 7b) . The Bonferroni multiple comparison test revealed that aged animals treated with vehicle did not recognize the target quadrant, and therefore spent less time in that quadrant compared to the vehicletreated young animals (p<0.05). However, oral treatments of piracetam (p<0.01), or CN (p<0.05) significantly increased the time spent in the target quadrant compared to the vehicle-treated aged animals, thus confirming the potential effect of Centella extract on memory as reported in earlier studies (37, 38) . Centella extract is known to improve the morphology and arborization of hippocampal neuronal dendrites (52, 53) . Moreover, its negative effect on reactive oxygen species and superoxide formation along with decrease in glutathione and activation of glutathione-Stransferase, have reportedly the key mechanisms involved in its nootropic action (37) .
It was interesting to note here that CN treatment showed a comparable effect to that of the standard piracetam treatment (p>0.05), i.e., the CN-treated animals spent more time in the target quadrant. The SCE-treated mice, which show an increased time spent in the target quadrant compared to the vehicle group, was not statistically significant. Thus, we suggest that although both SCE or CN administration improves the spatial learning and memory in aged mice, CN exhibits better efficacy compared to SCE in MWM. The improvement in the relative absorption of CN after oral administration might be attributed to the following factors: SCE being lipophilic in nature, its absorption and bioavailability is dissolution rate limited. Interactions between the non-polar, fatty acid component of phospholipid and the SCE could have enhanced the overall hydrophilicity and solubility of CN (3). This may have possibly resulted in an improved dissolution efficiency of the CN. In addition, the smaller particle size of the prepared CN might have led to enhanced relative absorption of SCE after oral administration. The extended release of SCE from CN, along with a decreased metabolism, may also confer a prolonged duration of action and higher bioavailability (28) . Furthermore, as reported in the previous studies, the intestinal transport and the absorption mechanisms might also be the possible contributors to the improved CN oral bioavailability (54, 55) .
Several studies have previously reported the influence of phospholipids on memory improvement (56) (57) (58) (59) . Since a phospholipid was employed in the present study as a carrier for the SCE in the formulation of the CN, we examined the possibility of the memory-enhancement effects of Phospholipon® 90H. The results from Phospholipon® 90H-treated aged mice group showed no significant improvement in the escape latency or the time spent in the target quadrant after a 4-day treatment period. Nagata et al. and Yaguchi et al. in their studies noted that oral administration of 1,2-dilynoleoylsnglycero-3-phosphocholine (DLPhtCho) alone or in combination with 1-palmitoyl-2-oleoylsnglycero-3-phosphocholine (POPhtCho) predominantly blocked the scopolamine-induced dementia, but these effects were less pronounced in normal animals (57, 58) . Additionally, unlike the 4-day treatment protocol employed in the present study, previous studies evaluating phospholipids followed longer durations of drug treatment, which may have contributed to the improved learning and memory observed with phospholipids (57, 59, 60) . The dose and the duration of therapy appears to be important parameters in the pro-cognitive effects observed with phospholipids. Thus, in the present study, the improved learning and memory following CN treatment can be attributed purely to the intrinsic action of Centella extract, and the contribution of Phospholipon® 90H appears to be non-significant.
CONCLUSIONS
In the present study, an attempt was made to enhance the aqueous solubility of SCE via its complexation with phospholipids (preparation of naturosomes). A central composite design was used to optimize the formulation and process variables. The prepared CN were evaluated for physicochemical, functional, and pharmacological attributes. The FTIR, DSC, PXRD, photomicroscopy, and the SEM studies indicated the successful formation of vesicular drugphospholipid complex. The apparent solubility, the in vitro dissolution, and the ex vivo permeability studies indicated a significant improvement in the aqueous solubility, the drug release, and the membrane permeation of the SCE from the CN, respectively. The preliminary in vivo pharmacological evaluation revealed a significantly higher efficacy (likely due to improved bioavailability) of the prepared CN compared to the pure extract and a comparable efficacy with the standard drug, piracetam (200 mg/kg). The exact mechanism of the improved efficacy of the prepared CN, as well as the contribution of individual triterpenes to the pharmacological activity will require further detailed investigation. Additional studies analyzing the pharmacokinetic parameters are required to substantiate the increased absorption, and the enhanced bioavailability hypothesis.
